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Abstract
The reaction of [Rh 4 (µ-PyS 2 ) 2 (cod) 4 ] (PyS 2 = 2,6-pyridine dithiolate, cod = 1,5-cyclooctadiene) with CF 3 SO 3 Me gave the cationic complex [Rh 4 (4)). The structure of 4, solved by X-ray diffraction methods, showed the coordination of the [Au(PPh 3 )] + fragments to the peripheral sulfur atoms in [Rh 4 (µ-PyS 2 ) 2 (diolefin) 4 ] along with their interaction with the neighbor rhodium atoms. Neutral coordination polymers of formula [ClMRh 4 (µ-PyS 2 ) 2 (diolefin) 4 ] n (M = Cu, Au) result from the selfassembly of alternating [Rh 4 (µ-PyS 2 ) 2 (diolefin) 4 ] ( [Rh 4 ]) blocks and MCl linkers. The formation of the infinite polymetallic chains was found to be chiroselective for M = Cu; one particular chain contains exclusively homochiral [Rh 4 ] complexes. Cationic heterometallic coordination polymers of formula
Introduction
The molecular self-assembly of coordination polymers and supramolecular assemblies through metalligand coordination is a powerful method in the design of new materials with promising physicochemical properties of potential application in technology. 1 The development of coordination polymer chemistry has given rise to many remarkable inorganic architectures through the self-assembly of suitable polydentate ligands with metal ions or unsaturated metal complexes. 2 The design of the ligand is crucial for this purpose, since the dimensionality and topology of the final assemblies are predominantly controlled by the coordination preferences of the metal center and the location of the donor sites in the organic ligand. 3 An alternative approach to the synthesis of coordination polymers and supramolecules is the use of transition metal complexes as building blocks. Metal-containing ligands with uncoordinated donor atoms can be induced to self-assemble with other metal ions or unsaturated metal complexes through the free coordination donors. 4 In this context, mixed-metal coordination polymers have been assembled using the rod-shaped dicyanoargentate(I) complex and tetracyanoaurate(III) as building blocks. 5 Mononuclear cyanoisocyanoarene and pyridylphenylisocyanide metal complexes, bearing respectively cyano and pyridyl groups in peripheral sites, are also effective building blocks for coordination polymers. 6 Similarly, one-dimensional Cu(II)-Ag(I) mixed-metal chains with 2-methylpyrazine-5-carboxylate spacers, have been obtained from a mononuclear Cu(II) complex having free donor sites and silver(I) salts. 7 Dinuclear species as connection devices for self-assembly have scarcely been exploited. Very recently, reports from several groups describe the use of the Rh 2 4+ core as a building block to form both cyclic supramolecules and coordination polymers by condensation with appropriate bidentate ligands. 8 As a result of our interest in the design of effective polydentate ligands for the construction of polynuclear complexes 9 we have prepared the tetranuclear [M 4 (µ-PyS 2 ) 2 (diolefin) 4 ] (M= Rh, Ir) complexes ([M 4 ]) supported by two tridentate 2,6-pyridinedithiolate (PyS 2 2-) bridging ligands acting as six electron donors. 10 The rhodium and iridium tetranuclear complexes [M 4 ] are redox-active
Compound 1 is apparently static while the parent complex [Rh 4 (µ-PyS 2 ) 2 (cod) 4 ] is fluxional; the motion, affecting to the external cod ligands, is associated to the lonely electron pairs on the outer sulfur atoms. 10 The formation of the thiomethyl groups fixes an electron pair per sulfur and, in consequence, complex 1 becomes rigid.
The methylation of the 2,6-pyridinedithiolate bridges in [Rh 4 (µ-PyS 2 ) 2 (cod) 4 ] resulted to be a stereoselective process, since complex 1 was obtained as one single diastereoisomer. The tetranuclear compound [Rh 4 (µ-PyS 2 ) 2 (cod) 4 ] exits as a pair of enantiomers, which can be designed as (R S ,R S )- [Rh 4 ]
and (S S ,S S )- [Rh 4 ], since the two bridging sulfur atoms are stereogenic. Upon methylation, the two terminal sulfur atoms also become chiral centers; up to six different stereoisomers could be produced depending on the relative disposition of the thiomethyl groups in both enantiomers. However, since the symmetry found for 1 is C 2 , both sulfur atoms of the thiomethyl groups should have identical configuration, and therefore complex 1 resulted to be a single enantiomeric pair. Assuming that the thiomethyl groups were directed away from the bulky 1,5-cyclooctadiene ligands on the neighboring rhodium atoms, complex 1 would exist as the enantiomeric pair (R S ,R S ,S S ,S S )-(1)/(S S ,S S ,R S ,R S )-(1), 14 the former being depicted in Chart 1 1 The mixed-ligand complex with CuCl, is a mixed-metal coordination polymer in the solid state resulting from the self-assembly of alternating [Rh 4 (µ-PyS 2 ) 2 (cod) 4 ] blocks and CuCl linking units, as shown in Figure 2 . The related compound [ClCuRh 4 (µ-PyS 2 ) 2 (tfbb) 4 ] n (6) was isolated as a purple solid by mixing equimolar amounts of [Rh 4 (µ-PyS 2 ) 2 (tfbb) 4 ] and CuCl in dichloromethane. Looking for metal fragments other than CuCl to act as linkers in polymeric structures based on the tetranuclear [Rh 4 ] ligands we sought that nude cations of the Group 11 metals or complexes with two available coordination positions could also produce polymeric structures by a self-assembly process. The formation of the silver(I) complexes 8 and 9 competes with the oxidation of the corresponding rhodium tetranuclear complexes. In fact, complex 8 decomposes slowly in dichloromethane to give the paramagnetic compound [Rh 4 (µ-PyS 2 ) 2 (cod) 4 ]BF 4 and metallic silver. 10 Neither [Rh 4 (µ-PyS 2 ) 2 (cod) 4 ] nor [Rh 4 (µ-PyS 2 ) 2 (tfbb) 4 ] were found able to add [RhCl(diolefin)] fragments from the complexes [Rh(µ-Cl) 
Chiroselective formation of [ClCuRh 4 (µ-PyS 2 ) 2 (cod) 4 ] n .
As already mentioned, the crystal structure of [ClCuRh 4 (µ-PyS 2 ) 2 (cod) 4 ] n (5) consists of onedimensional chains that propagate along a screw two-fold axis; one particular chain contains exclusively homochiral [Rh 4 ] building blocks. 13 Figure 2 shows short segments of two complementary homochiral infinite chains; the upper chain contains (R S ,R S ,R S ,R S )- [Rh 4 ] complexes and the lower (S S ,S S ,S S ,S S )- [Rh 4 ] complexes .
Since the parent compound [Rh 4 (µ-PyS 2 ) 2 (cod) 4 ] exits as the pair of enantiomers (R S ,R S )- [Rh 4 ] and (S S ,S S )- [Rh 4 ] and the two peripheral sulfur atoms become chiral centers on coordination to the CuCl linkers, a chiral recognition occurs in the formation of each chain to be made exclusively either (R S ,R S ,R S ,R S )- [Rh 4 ] or (S S ,S S ,S S ,S S )- [Rh 4 ] complexes, respectively. In this case not only the two new chiral sulfur centers possess identical chirality, but all the sulfur atoms have identical chirality in a particular chain. 14 In contrast with most of the coordination polymers described herein the compound [ClCuRh 4 (µ-PyS 2 ) 2 (cod) 4 ] n (5) is soluble in chlorinated solvents and in benzene. The fragmentation of the polymeric structure in solution becomes evident after the determination of a remarkably low molecular weight (1730) in chloroform while compound 5 is a non-electrolyte in this solvent. The crystallization of 5 leads to the formation of the infinite homochiral chains in a reversible way. Spectroscopic data in solution suggest the presence of two well defined molecular species in solution, since the aromatic region of the 1 H NMR spectrum in benzene-d 6 was outstandingly simple while the parent complex [Rh 4 (µ-PyS 2 ) 2 (cod) 4 ] was not detected. Assuming that the molecular species in solution were Cl 2 Cu 2 - [Rh 4 ] and ClCu- [Rh 4 ] 2 , their combination would produce the polymeric chain. Supporting this idea, the ions ClCu 2 - [Rh 4 ] + and ClCu- [Rh 4 ] + were detected in the FAB + spectrum. In addition, the calculated molecular weight for an equimolar mixture of Cl 2 Cu 2 - [Rh 4 ] and ClCu- [Rh 4 ] 2 (1837) agrees well with the experimental observed value (1730). Moreover, the aromatic region of the 1 H NMR spectrum of 3 is compatible with the presence of both species in a 1:1 molar ratio. Thus, the resonances at δ 8.40, 6.90 and 6.40 ppm would correspond to the homotopic PyS 2 2-ligands of Cl 2 Cu 2 - [Rh 4 ], whereas the two sets of resonances at δ 7.90, 6.80, 6.30 and 6.90, 6.55, 6 .05 ppm can be assigned to two pairs of equivalent bridging ligands in ClCu- [Rh 4 ] 2 , which is in accordance with the couplings observed by analysis of the H,H-COSY spectrum. From the above data, the species Cl 2 Cu 2 - [Rh 4 ], with a C 2 axis, exists as a pair of enantiomers giving identical NMR spectra. The apparently single species detected for ClCu- [Rh 4 ] 2 could be either the enantiomeric pair ClCu-(R S ,R S ,R S )- [Rh 4 ] 2 /ClCu-(S S ,S S ,S S )- [Rh 4 ] 2 or ClCu-(R S ,R S ,R S )- [Rh 4 ](S S ,S S ,S S )- [Rh 4 ], with C 2 and C s symmetries, respectively, (Figure 3 ) or both assuming that the resonances were averaged by a dissociative equilibrium. Inspection of molecular models of ClCu- [Rh 4 ] 2 suggests that the steric interaction between the bulky 1,5-cyclooctadiene ligands and the bridging ligands is notably reduced if they consist of homochiral tetranuclear complexes, i.e. the enantiomeric pair. As a consequence, the formation of the polymer would encompass the molecular recognition between the following chiral molecular components ClCu-(R S ,R S ,R S )- [Rh 4 ] 2 /Cl 2 Cu 2 -(R S ,R S ,R S ,R S )- [Rh 4 ] and ClCu-(S S ,S S ,S S )- [Rh 4 ] 2 /Cl 2 Cu 2 -(S S ,S S ,S S ,S S )- [Rh 4 ]. The chiroselectivity observed in the formation of the polymeric chains in 3 is an unusual example of chiral selection during the self-assembly process. Chiroselective self-assembly of [2x2] grid-type inorganic arrays with different octahedral metal centers have been reported. 16 Diastereoselectivity has been also observed in the self-assembly of molecular squares based on palladium and platinum squareplanar complexes 17 and in homochiral macrocyclic dinuclear anions containing octahedral molybdenum complexes. 18 A related 2-D phenomenon in a supramolecular three-dimensional hydrogen-bonded network derived from diacetylene dicarboxylic acid dihydrate has been noticed. 19 Multiple hydrogen bonding also produces homochiral columnar structures made with alternate stacked cations [Co(en) 3 ] 3+
Cu
and P 3 O 9 3-anions with the Λ or ∆ enantiomer. 20 Characterization and properties of the coordination polymers.
The coordination polymers have been characterized by elemental microanalyses and FAB + MS. A diagnostic for the coordination polymers are the respective FAB + MS, since characteristic fragments arising from the polymeric structures are regularly observed in the mass spectra. In particular, a peak corresponding to the fragment [Rh 4 ]-M- [Rh 4 ] + is observed in the FAB + mass spectra of the compounds 
Concluding Remarks
The peripheral sulfur atoms in the tetranuclear [Rh 4 167.4, 162.8, 152.3, 138.6, 137.6, 128.2, 125.7, 122.9, 118.3 
(s).
[ClCuRh 4 (µ-PyS 2 ) 2 (cod) 4 ] n (5). Solid CuCl (0.066 g, 0.132 mmol) was added to a solution of [Rh 4 (µ-PyS 2 ) 2 (cod) 4 ] (0.075g, 0.066 mmol) in dichloromethane (15 mL) and stirred for 3 h. The resulting dark red solution was filtered through celite and then concentrated under vacuum to ca. 1 mL.
Slow addition of diethyl ether (10 mL) gave an orange solid which was filtered off, washed with diethyl ether and dried under vacuum. Yield: 0.059 g (80%). Anal. 
Structural Determination of Complex 4.
A summary of crystal data and refinement parameters for the structural analysis is given in Table 2 . Suitable crystals for the X-ray diffraction study were obtained by slow diffusion of hexane into a concentrated solution of 4 in a dichloromethane/acetone mixture. A dark violet irregular shaped crystal (0.28 x 0.14 x 0.12 mm) of 4 was glued to a glass fiber and mounted on Bruker SMART APEX diffractometer. The instrument was equipped with CCD area detector and data were collected using graphite-monochromated Mo Kα radiation (λ= 0.71073 Å) at low temperature Absorption correction was applied by using the SADABS routine (min. max. transmission factors 0.533 and 0.645).
33
The structure was easily solved by Patterson methods, completed by subsequent difference Fourier techniques and refined by full-matrix least-squares on F 2 (SHELXL-97) 34 with initial isotropic thermal parameters. After anisotropic refinement of all the atoms of the polynuclear cationic metal complex, several electron residuals were detected spread in the cell localized in quite a few spatial regions. At this stage, the perchlorate anions were straightforwardly found, but one of them exhibits static disorder for three oxygen atoms (O(6), O (7) and O(8)). Two solvation disordered CH 2 Cl 2 molecules were also identified in the subsequent difference Fourier maps; both of them need a disorder modelation from two overlapping dichloromethane molecules. A third acetone solvation molecule was also recognized among the numerous electron residuals. All the atoms involved in disorder (one perchlorate, two CH 2 Cl 2 and the acetone molecule) were refined as isotropic atoms and maintained under geometric restrictions during refinement. Hydrogen atoms were included in calculated positions for the hexanuclear cation; their positional and displacement parameters were incorporated in the least-squares refinement riding on carbon atoms.
At this step, several residuals of significant electron density (3-4 e -/Å 3 ) were still present in the difference Fourier map; they did not display significant short contacts to any of the already identified and refined atoms. Several attempts to model this electron density were carried out considering the different solvent molecules used in the crystallization process. Unfortunately no clear disorder model could be established. As an alternative, an evaluation of potential solvent regions showed the presence of four voids in the cell, completing an approximate volume of 1878 Å 3 ; an electron count over this volume provided an estimate of 216 e -per region (a total of 866 e -in the cell). 35 Bearing in mind the solvents used in the crystallization, we interpreted these figures assuming the presence of four highly disordered hexane molecules (4 x 50 e -/hexane mol.) in each of these four 'solvent regions'.
Nevertheless, the contribution of the observed contents (electron density) of these 'solvent regions' to the total structure factors was calculated via discrete Fourier transformation and incorporated in the final least-squares refinement of the ordered part of the structure. 36 Data presented in Table 2 assumes the presence of the four hexane molecules in the independent part of the cell in addition to the previously identified moieties (the polynuclear cation, two anions, dichloromethane and acetone).
Atomic scattering factors were used as implemented in the program. The tetranuclear complexes [Rh 4 (µ-PyS 2 ) 2 (diolefin) 4 ] possess two donor sites at the peripheral sulfur atoms prone to bind suitable metal centres. From them, discrete heterometallic complexes and infinite one-dimensional chains may be assembled in a stereoselective way by using the appropriate metal fragments.
